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2 Abbreviations 
 
µmol micromol 
A. thaliana Arabidopsis thaliana 
ABA abscisic acid 
ASPB American Society of Plant Biologists 
ATG7 autophagy related protein 7 
BB basal body 
BELL1 bellringer 1 
bp base pair 
BS-seq bisulfite sequencing 
C. reinhardtii Chlamydomonas reinhardtii 
C° celsius 
ccdc39 coiled-coil domain containing protein 39 
DNA complementary DNA 
CLF curly leaf 
cm centimeter 
CP central pair 
cryoSEM cryo scanning electron microscopy 
DEG differentially expressed gene 
DEK1 defective kernel 1 
DMP differentially methylated position 
DMR differentially methylated region 
DNA deoxyribonucleic acid 
DNMT DNA methyltransferases 
e. g. exempli gratia (for example) 
EMBO  European Molecular Biology Organization 
EST expressed sequence tags 
F1 first filial generation 
FECA first eukaryoic common ancestor 
FIE fertilization-independent endosperm 
Fig. figure 
Gd Gransden 
GdJ Gransden Japan 
gfp green fluorescent protein 
GLR glutamate-like receptor 
GO gene ontology 
GWAS genome wide association study 
h hour 
IDA inner dynein arm 
iMOSS international molecular moss science society 
JGI Joint Genome Institute 
Ka non-synonymous substitutions per non-synonymous site 
kDA kilo Dalton 
KNOX1/2 knotted homeobox 1/2 
KO knock out 
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Ks synonymous substitutions per synonymous site 
LECA last eukaryotic common ancestor 
M. Polymorpha Marchantia polymorpha 
m2 square meter 
MARA Marburg Research Academy 
MID Marburg International Doctorate 
miRNA micro-RNA 
MLS multi-layered structure 
MRCA most recent common ancestor 
mRNA messenger-RNA 
MT microtubule 
MTOC microtubule organizing center 
mya million years ago 
ODA outer dynein arm 
P. patens Physcomitrella patens 
PCD Primary Ciliary Dyskinesia 
PCR polymerase chain reaction 
PCR2 polycomb repressive complex 2 
PEAT Physcomitrella expression atlas tool 
qPCR quantitative real-time PCR 
Re Reute 
RE relative expression 
resp. respectively 
RNA ribonucleic acid 
RPKM reads per kilo base per million mapped reads 
RSP radial spoke protein 
RTPCR reverse transcriptase PCR 
rU Relative units 
s second 
S1-S3 sporophyte 1-3 
SAR Stramenopiles, Alveolates, Rhizaria 
SM sporophyte mature 
SM spline microtubule 
SMC spermatid mother cell/spore mother cell 
SNP single nucleotide polymorphism 
TAP transcription associated protein 
TE transposable element 
TEM transmission electron microscopy 
TF transcription factor 
TR transcriptional regulator 
UK United Kingdom 
UV Ultra violet 
Vx  Villersexel 
ZCC Zygnema, Choleochaete, Charales 
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3 Publications and contributions 
3.1 Publications contributing to this thesis 
 
Most of the results yielded during my time as a PhD student were published or are submitted for 
publication to peer-reviewed journals. My contributions to each publication are described below 
each publication.  
 
Characterization of evolutionary conserved key players affecting eukaryotic flagellar motility and 
fertility using a moss model. 
Rabea Meyberg, Pierre-François Perroud, Fabian B. Haas, Lucas Schneider, Thomas Heimerl, Karen S. 
Renzaglia, Stefan A. Rensing 
bioRxiv, 2019: DOI: 10.1101/728691 
My contributions: BS-seq and RNA-seq sample preparation and data analysis, quantification of 
sporophytes in selfing and crossing analysis, spermatozoid analysis, sample preparation for TEM and 
SEM, analysis of all microscopic data, blast and alignment for ccdc39 phylogeny, RTPCR and qPCR, GO 
bias analysis and word clouds, KO generation, genotyping, phenotyping, illustrations, wrote the 
manuscript with the help of Stefan A. Rensing and Karen S. Renzaglia. 
 
Physcomitrella patens Reute mCherry as a tool for efficient crossing within and between ecotypes.  
Pierre-François Perroud, Rabea Meyberg, Stefan A. Rensing 
Plant Biology, 2019: 21(S1): 143-149 
My contributions: setup and analysis of part of the crossings. 
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The P. patens chromosome-scale assembly reveals moss genome structure and evolution. 
Daniel Lang, Kristian K. Ullrich, Florent Murat, Jörg Fuchs, Jerry Jenkins, Fabian B. Haas, Mathieu 
Piednoel, Heidrun Gundlach, Michiel Van Bel, Rabea Meyberg, Cristina Vives, Jordi Morata, Aikaterini 
Symeonidi, Manuel Hiss, Wellington Muchero, Yasuko Kamisugi, Omar Saleh, Guillaume Blanc, Eva L. 
Decker, Nico van Gessel, Jane Grimwood, Richard D. Hayes, Sean W. Graham, Lee E. Gunter, Stuart 
McDaniel, Sebastian N.W. Hoernstein, Anders Larsson, Fay-Wei Li, Pierre- François Perroud, Jeremy 
Phillips, Priya Ranjan, Daniel S. Rokshar, Carl J. Rothfels, Lucas Schneider, Shengqiang Shu, Dennis W. 
Stevenson, Fritz Thümmler, Michael Tillich, Juan Carlos Villarreal A., Thomas Widiez, Gane Ka-Shu 
Wong, Ann Wymore, Yong Zhang, Andreas D. Zimmer, Ralph S. Quatrano, Klaus F.X. Mayer, David 
Goodstein, Josep M. Casacuberta, Klaas Vandepoele, Ralf Reski, Andrew C. Cuming, Jerry Tuskan, 
Florian Maumus, Jérome Salse, Jeremy Schmutz, Stefan A. Rensing 
The Plant Journal, 2018; 93 (3): 515-533 
My contributions: sample preparation for BS-seq, BS-seq analysis, contributed to the manuscript, life 
cycle illustrations. 
 
Sexual reproduction, sporophyte development and molecular variation in the model moss 
Physcomitrella patens: introducing the ecotype Reute.     
Manuel Hiss, Rabea Meyberg, Jens Westermann, Fabian B. Haas, Lucas Schneider, Mareike 
Schallenberg‐Rüdinger, Kristian K. Ullrich, Stefan A Rensing 
The Plant Journal, 2017; 90(3): 606-620 
My contributions: analysis of the Reute life cycle, in-depth gametangia analysis of all ecotypes 
including microscopic analysis, sample preparation for cryoSEM, quantification of sporophytes 
developed per ecotype, RNA extraction for qPCR, setup of figure 1 & 2, helped writing the 
manuscript, illustrations. 
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3.2 Additional publications not contributing to the thesis 
 
A Blind and Independent Benchmark Study for Detecting Differentially Methylated Regions in 
Plants. 
Clemens Kreutz, S. Nilay Can, Ralph Schulze Bruening, Rabea Meyberg, Zusanna Mérai, Noe 
Fernandez-Pozo, Stefan A. Rensing  
Under review 09/2019, Bioinformatics 
My contributions: Initial manual DMR selection, BS-seq data. 
 
PEATmoss (Physcomitrella Expression Atlas Tool): a unified gene expression atlas for the model 
plant Physcomitrella patens. 
Noe Fernandez-Pozo, Fabian B. Haas, Rabea Meyberg, Kristian K. Ullrich, Manuel Hiss, Pierre-
François Perroud, Sebastian T. Hanke, Viktor Kratz, Adrian Powell, Eleanor F. Vesty, Christopher G. 
Daum, Matthew Zane, Anna Lipzen, Avinash Sreedasyam, Jane Grimwood, Juliet C. Coates, Kerrie 
Barry, Jeremy Schmutz, Lukas A. Mueller, Stefan A. Rensing  
Under review 09/2019, The Plant Journal 
My contributions: Organisation of sporophyte development metadata, illustrations. 
 
ABA-Induced Vegetative Diaspore Formation in Physcomitrella patens. 
M. Asif Arif, Manuel Hiss, Martha Tomek, Hauke Busch, Rabea Meyberg, Stefanie Tintelnot, Ralf 
Reski, Stefan A. Rensing, Wolfgang Frank  
Frontiers in Plant Science 2019: 10:315, DOI: 10.3389/fpls.2019.00315 
My contributions: Micro array data analysis, GO bias analysis, image corrections and false colouring. 
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4 Abstract 
 
Physcomitrella patens belongs to the bryophytes and is an extant species of the first land plants. This 
phylogenetic informative position allows the analysis of key evolutionary steps in (land) plant 
evolution employing P. patens as a model organism. Decades of research mainly focused on the 
gametophytic generation, probably also due to the lack of sexual reproductive events in the primarily 
used ecotype Gransden. Long term in vitro vegetative reproduction probably led to the accumulation 
of somatic (epi-) mutations which eventually led to a nearly male sterile phenotype. So far, only few 
P. patens ecotypes are used for scientific work. Thus, to overcome the fertility issues and to apply 
comparative analyses to study sexual reproduction and sporophyte development as well as species 
and population divergence in P. patens, the establishment of more ecotypes is highly needed. In 
comparison to other plant model organisms as e.g. Arabidopsis thaliana, genome wide epigenetic 
modifications especially with regard to sexual reproduction are still barely studied in P. patens 
ecotypes.  
Here I present the characterization of the sexual reproduction of the recently introduced fertile 
ecotype Reute which was collected 2006 in Germany. Reute is the most closely related ecotype to 
Gransden reported so far. In a comparative analysis between the ecotypes Gransden, Reute and 
Villersexel, I could show no differences in timing and morphology of the sexual reproductive tissues. 
However, while Reute was as fertile as the more distant ecotype Villersexel, Gransden was nearly 
self-sterile. Also, I present the fluorescent marker strain Reute-mCherry which can be used in 
crossing analyses e.g. to determine if female or male sexual reproductive organs are impaired. By 
employing this method, a clear male defect could be shown in Gransden. Further, I present a 
comparative multi-omics analysis between Gransden and Reute using different tissues during sexual 
reproduction. Single nucleotide polymorphisms (SNPs), DNA-methylation and RNA-expression 
pinpoint a flagellar defect, which presumably leads to the observed male fertility impairment in 
Gransden. Finally, I present the characterization of key-players which are highly conserved within 
eukaryotes and are required for flagellar motility in humans as well as in the moss P. patens. 
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5 Zusammenfassung 
 
Das Moos Physcomitrella patens ist ein rezenter Nachkomme der ersten Landpflanzen. Diese 
phylogenetisch interessante Position ermöglicht die Analyse von Schlüsselmomenten in der Evolution 
der (Land-) Pflanzen. P. patens wird seit vielen Jahrzehnten als Modellorganismus verwendet. 
Dennoch konzentrieren sich die meisten Arbeiten bisher auf die gametophytische Generation, 
welches sich durch das seltene Vorkommen der sexuellen Reproduktion im vorwiegend verwendeten 
Ökotyp Gransden erklären lässt. Seit vielen Jahren wird das Gewebe in der in vitro Kultur 
ausschließlich vegetativ vermehrt. Die vermutlich daraus resultierende Anhäufung von somatischen 
(Epi-) Mutationen hat die männliche Sterilität von Gransden zur Folge. Bisher werden nur wenige der 
bekannten P. patens Ökotypen für wissenschaftliche Arbeiten verwendet. Daher ist die Etablierung 
von weiteren Ökotypen relevant. Zum einen können so Analysen der sexuellen Reproduktion und des 
daraus resultierendem Sporophyten durchgeführt werden, zum anderen ermöglichen Ökotypen 
vergleichende Analysen der Spezies- und Populationsvielfalt in P. patens. Im Vergleich zu anderen 
Pflanzenmodellorganismen wie z.B. Arabidopsis thaliana, gibt es in P. patens bisher nur wenige 
genomweite Analysen von epigenetischen Modifikationen, vor allem im Bezug auf Gewebe, die in der 
sexuellen Reproduktion involviert sind. 
In dieser Arbeit präsentiere ich die Charakterisierung der sexuellen Reproduktion des vor kurzem 
vorgestellten fertilen P. patens Ökotyps Reute, welcher 2006 in Deutschland gesammelt wurde. 
Reute ist im Vergleich mit allen sequenzierten Ökotypen genetisch gesehen am nächsten mit dem 
bisher verwendeten Ökotyp Gransden verwandt. In einer vergleichenden Studie zwischen den drei 
Ökotypen Gransden, Reute und Villersexel konnte ich zeigen, dass die zeitliche und morphologische 
Entwicklung der Geschlechtsorgane sich nicht unterscheidet und Reute so fertil wie der genetisch 
etwas entferntere Ökotyp Villersexel ist. Im Gegensatz dazu konnte ich zeigen, dass Gransden nahezu 
steril ist. Außerdem präsentiere ich den fluoreszenten Stamm Reute-mCherry, welcher für 
Kreuzungsanalysen verwendet werden kann um z.B. zu bestimmen, ob die männlichen und/oder 
weiblichen Geschlechtsorgane funktional sind. Mithilfe dieser Methode konnte eindeutig gezeigt 
werden, dass Gransden einen Defekt im männlichen Reproduktionsapparat zeigt. Des Weiteren 
beinhaltet diese Arbeit zwischen Gransden und Reute vergleichende Datensätze von 
Nukleotidpolymorphismen, der Genexpression und des DNA-Methylierungsstatus von Geweben die 
in die sexuelle Reproduktion involviert sind. Genetische und epigenetische Unterschiede zwischen 
den Ökotypen weisen auf Defekte in den Flagellen der männlichen Spermatozoide hin, welche 
vermutlich zur männlichen Sterilität des Ökotyps Gransden beitragen. Abschließend präsentiere ich 
die Charakterisierung von Schlüsselgenen die in Eukaryoten konserviert sind und für die flagellare 
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Motilität der menschlichen Spermien sowie der Spermatozoide des Mooses P. patens benötigt 
werden.  
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6 Introduction  
6.1 Advantages of using Physcomitrella patens as a model organism 
 
The moss Physcomitrella patens belongs to the Funariaceae and the main laboratory strain Gransden 
(Gd) has initially been collected in Gransden Wood (UK) in 1962. In vitro, P. patens completes its 
lifecycle within two to three months and predominantly self-fertilizes (Nakosteen and Hughes, 1978; 
Perroud et al., 2011). For the well-established model organism, in vitro culture and a large set of 
methods are established, and it can be propagated via vegetative and sexual reproduction (Hohe et 
al., 2002; Cove, 2005; Cove et al., 2009; Strotbek et al., 2013). Also, a single cell of any tissue is 
sufficient to regenerate a whole plant (Cove, 2000), which is employed for transient and stable 
transfections via protoplasts. Combined with the presence of a highly efficient homologous 
recombination, which allows precise gene targeting, P. patens is a well-established model organism 
to analyze gene function via reverse genetic approaches in stable mutants (Schaefer and Zrÿd, 1997; 
Schaefer, 2001; Kamisugi et al., 2006).  
P. patens is, as all land plants, a haplo-diplont with the haploid gametophyte representing the 
dominant phase. The prevalence of the dominant haploid generation has the advantage, that genetic 
modifications are directly visible in the first (haploid) generation and no crossing is necessary to 
generate a homozygous F2 to analyze the effect of introduced mutations. Also, embryo-lethal 
mutations as observed in dominant diploid model organisms like e.g. Arabidopsis thaliana, are not 
necessarily lethal in the gametophytic phase, which is highly reduced in angiosperms, but easily 
accessible in bryophytes like P. patens (Cove, 2005). In comparison to gymnosperms and 
angiosperms, bryophytes develop easily accessible multicellular sporophytes and gametophytes as 
well as separated male and female reproductive organs. Easily accessible tissues of most 
developmental stages in both generations makes it applicable for research with regard to the 
alternation of generations, which is defined as the alternation between a multicellular gametophyte 
and a multicellular sporophyte (Hofmeister, 1851; O’Donoghue et al., 2013). In 2008, the P. patens 
genome has been published (Rensing et al., 2008) as the first non-seed plant genome. Additionally, 
DNA methylation (Zemach et al., 2010) and histone modification (Widiez et al., 2014) data are 
available. Several transcriptomic analyses are available using both array- and RNA-seq approaches 
covering diverse treatments and developmental stages (Ortiz-Ramírez et al., 2016; Perroud et al., 
2018). Since its introduction, P. patens has been used for several morphological and genetic (Engel, 
Paulinus P., 1968; Cove, 2005; Cove et al., 2006), evolutionary-developmental (Sakakibara et al., 
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2008; Aya et al., 2011; Sakakibara et al., 2013; Kofuji and Hasebe, 2014) as well as functional studies, 
analyzing mammalian homologs in plants (Horst et al., 2016; Ortiz-Ramírez et al., 2017).  
 
6.2 Phylogenetic background  
 
All eukaryotes evolved from the last eukaryotic common ancestor (LECA). The LECA already held 
many key features of eukaryotes, namely the nucleus, mitochondria, an actin/microtubule skeleton, 
an endomembrane system, flagella and machineries for splicing and meiosis (Stewart and Mattox, 
1975; Mast et al., 2014). It is proposed that mitochondria, and later during the evolution of plants 
also chloroplasts, derived from bacteria, which were taken up by eukaryotic ancestors and gave rise 
to the first unicellular algae (Fig. 1, (Keeling, 2004; Keeling, 2010; Zimorski et al., 2014)).  
 
Figure 1: All eukaryotic life originates in the last eukaryotic common ancestor (LECA). The LECA gave rise to all five 
kingdoms of eukaryotic life whereas the Archaeplastida include the green lineage, the plants. Chlorophytes and 
streptophytes, which comprise the charophytes and all embryophytes (land plants), diverged approx. 1 billion years ago. 
Within the streptophytes the Zygnematophyceae, Choleochaetophyceae and Charophyceae (ZCC) form a clade with the 
embryophytes. The water to land transition is indicated by a cyan dot and first land plants were probably akin to 
bryophytes, which comprise hornworts, liverworts and mosses of which the last two form the Setaphyta clade. Wether 
hornworts and setaphytes form bryophytes or bryophyta and if hornworts or setaphytes are sister to all land plants still has 
to be solved. Unsolved branches in the bryophytes indicated with a dashed line. Redrawn from (Mast et al., 2014; Puttick et 
al., 2018; de Vries and Archibald, 2018), images are not to scale, SAR: Stramenopiles, Alveolates, Rhizaria.  
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Most green algae are haplontic plants showing a diverse growth pattern ranging from unicellular 
algae like Chlamydomonas reinhardtii to the highly complex Chara braunii. The MRCA of all algae, 
gave rise to the chlorophytic algae, which have a rather simple body plan, and the streptophytic 
algae, which show complex two- and three-dimensional body plans (Umen, 2014). Interestingly, the 
haplo-diplontic lifecycle was invented independently in the chloro- and streptophytes (Niklas and 
Kutschera, 2010). In comparison to the chlorophytic algae, all streptophytic algae are haplonts and 
haplo-diplonts appeared within the first land plants, the bryophytes. The streptophytic algae 
comprise the paraphyletic KCM (Klebsormidiophyceae, Chlorokybophyceae, Mestostigmatophyceae) 
grade and the ZCC (Zygnematophyceae, Choleochaetophyceae, Charophyceae) grade whereas the 
Zygnematophyceae were shown to be the sister group to all land plants (Wickett et al., 2014; de 
Vries and Archibald, 2018). Streptophyte algae and all land plants together comprise the 
monophyletic Phragmoplastophyta (Nishiyama et al., 2018). The bryophytes which comprise 
hornworts, liverworts and mosses as P. patens, are probably the sister group to all vascular plants 
and positioned at a phylogenetically interesting position, since their ancestors are thought to akin 
the first land plants after the water to land transition which occurred approx. 430-500 mya (million 
years ago) (Kenrick and Crane, 1997; Morris et al., 2018). Here, new emerging model organisms 
slowly start to fill up the gap between streptophytic algae and angiosperms, to get deeper 
evolutionary insights into (land) plant evolution (Rensing, 2017). This informative phylogenetic 
position makes them ideal model organisms for the analysis of key evolutionary steps in the (land) 
plant evolution (Michael J. Prigge and Magdalena Bezanilla, 2010). To gain deeper knowledge about 
evolutionary forces, acting on the ancestral embryophytes, a comparative analysis between 
members of this group is needed as well as the solution of the phylogenetic relationship. In the last 
two years, several laboratories have worked on this topic and could show that bryophytes might be 
monophyletic and that, based on a parsimonious model, a setaphyta clade is formed, which is 
comprising mosses and liverworts (Renzaglia and Garbary, 2010). Employing morphological features 
of the motile male gametes of mosses and liverworts, this relationship recently was reinforced 
(Renzaglia et al., 2018). Still, it has to be determined if hornworts, or moss and liverwort ancestors 
emerged first after the water to land transition and if bryophytes are truly monophyletic (Rensing, 
2018). 
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6.3 Physcomitrella patens ecotypes and strains  
 
P. patens has been reported to grow in North America, Europe, Africa, China, Japan, Australia and the 
land masses of the Holarctic. Thus, several accessions/ecotypes are available (Von Stackelberg et al., 
2006; Frey et al., 2009; McDaniel et al., 2010; Beike et al., 2014; Medina et al., 2015; Medina et al., 
2019). Per definition, ecotypes are geographically and genetically distinct populations of the same 
species which adapted to their specific environment (Ferrero-Serrano and Assmann, 2019), whereas 
a species is defined by the ability to still produce fertile offspring when crossed and adaptation as the 
development of an inheritable trait (Bock, 1980). Even if P. patens has a worldwide distribution, only 
few accessions were used for scientific work so far. Ecotypes can for example be used for genome 
wide association studies (GWAS) to identify alleles correlating with a specific trait, which was gained 
through adaption to a specific environment or to analyze the development of a specific population. 
In Brassicaceae, ecotypes show between one per 10 base pairs (bp) to one per 285 bp single 
nucleotide polymorphism (SNPs (Cao et al., 2011; Wei et al., 2017)). Until 2000, the single spore 
isolate ecotype Gd, which was collected by Whitehouse in the UK, was worldwide used as the main 
laboratory strain (Beike et al., 2014). In 2003 the Villersexel (Vx) accession has been collected by M. 
Lüth in Haute Saône (France) and was used to generate a genetic map through crossing with Gd 
(Kamisugi et al., 2008). The genetic distance between Gd and Vx was determined to be the highest 
reported so far in P. patens ecotypes, showing one SNP in 829 bp (Kasahara et al., 2011) which is still 
rather low when compared to SNP frequency between Brassicaceae ecotypes. This lower number of 
SNPs between P. patens ecotypes could be explained with the rather low rate of synonymous 
substitutions per site per year in bryophytes compared to angiosperms: P. patens: 1.9 in comparison 
to Brassicaceae: 7.71 (Rensing et al., 2007; De La Torre et al., 2017), as well as by the lack of ecotype 
sequencing data. Additionally, the genetic divergence is probably also affected by the mode of sexual 
reproduction, whereas primary self-fertilizing mosses as P. patens probably show less genetic 
variations in comparison to e.g. obligate crossing species such as the moss Ceratodon, in which the F1 
generation has been shown to have interspecies haplotypes (Nieto-Lugilde et al., 2018). Decades of 
research employing P. patens, focused on the gametophytic generation, except of very early studies 
carried out in 1924 by von Wettstein (Wettstein, 1924). Thus, vegetative reproduction was used to 
keep laboratory strains in culture. When scientists started to analyze the impact of mutations during 
sexual reproduction and gained interest in the process of sexual reproduction itself in P. patens, 
several laboratories reported fertility issues with their Gd cultures (Ashton and Raju, 2000; Landberg 
et al., 2013) which are suggested to be based on somatic mutations due to the long term vegetative 
reproduction in vitro (Ashton and Raju, 2000; Perroud et al., 2011). 
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6.4 Physcomitrella patens lifecycle and sexual reproduction 
 
The P. patens lifecycle starts with the germination of a haploid spore which gives rise to 
gametophytic protonema cells which grow two-dimensional via tip growth and branching (Menand 
et al., 2007; Harrison et al., 2009). This filamentous growth state of P. patens consists of two cell 
types, the chloroplast-rich chloronema cells, displaying a perpendicular cell wall and the long and 
thin caulonema cells which display far less and smaller chloroplasts and diagonal cell walls. 
Chloronemata mainly grow in the inner part of the filamentous cell cluster and are the 
photosynthetically active part of this developmental step, whereas caulonema cells grow at the 
periphery of the cluster, extend the boundaries of the surface covered and acquire nutrients. 
Eventually, caulonema cell branches give rise to a three-faced bud with an apical stem cell which will 
now grow three-dimensional instead of two-dimensional (Harrison et al., 2009). 
       
Figure  2: Life cycle of P. patens. Haploid spores germinate and filamentous protonema develops, consisting of chloronema 
and caulonema cells. The protonemal tissue gives rise to buds which eventually develop into juvenile gametophores. Upon 
short and cold day conditions, sexual reproductive organs (gametangia) are formed at the apex of the now adult 
gametophore. When moistened by water, the egg cell is fertilized by the motile spermatozoids. Subsequently the diploid 
zygote is formed and embryo-/sporophyte development takes place. After mitotic division and maturation, spores of the 
new generation can be released. Figure modified from Lang et al., 2018. 
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The bud subsequently develops into the juvenile gametophore which does not possess sexual 
reproductive tissue. Gametophores are leafy stems, which consist of a multicellular shoot-like stem 
bearing several one cell-layer thick non-vascular leaf-like structures, the so called leaflets or phyllids. 
They show a phenol-enriched cuticula which is ancestral to the lignin evolution in land-plants and 
probably contributes to the erect growth of the gametophore and the rigidity of the leaflets (Renault 
et al., 2017). The juvenile gametophyte is anchored on the substrate via multicellular filamentous 
rhizoids, analogous to roots in angiosperms which deliver water and nutrients to the growing plant 
(Jones and Dolan, 2012). Vegetative in vitro culture of P. patens is usually performed under long day 
conditions (16 h light, 8 h dark, 21 °C, 70 µmol/m2/s) ensuring efficient and fast cell divisions (Hohe et 
al., 2002). 
 To induce the sexual reproduction, which usually takes place in autumn to spring, the plants require 
colder temperatures and short day conditions (8 h light, 16 h dark, 15 °C, 20 µmol/m2/s) (Engel, 
Paulinus P., 1968; Nakosteen and Hughes, 1978; Hohe et al., 2002). Since P. patens is monecious, 
both, the female (archegonia) and male (antheridia) sexual reproductive organs (gametangia) 
develop at the same apex of the gametophore out from an antheridium/archegonium apical stem 
cell (Kofuji et al., 2009; Landberg et al., 2013). Under reproductive conditions, the gametophore 
apical stem cell usually producing leaflet apical stem cell precursors develops into the antheridium 
initial stem cell which gives rise to several antheridium apical stem cells. The antheridium apical stem 
cells subsequently develop into bundles of antheridia (Kofuji et al., 2018). The antheridium initial cell 
undergoes several anti-clinal divisions and later, an antheridia jacket is developed which covers the 
spermatid mother cells (Landberg et al., 2013). Similarly to the liverwort Marchantia polymorpha, 
each spermatid mother cell divides by mitosis to form two spermatids, which undergo nuclear 
Figure 3: Spermatozoid development and fertilization. Each apex of 
adult gametophores bears several antheridia (male) and at least one 
archegonium (female). In the antheridia, spermatid mother cells 
develop, which give rise to two spermatids. They undergo nuclear 
condensation and morphogenesis to form the mature spermatozoid. 
The antheridial tip cell (t) swells upon maturity and releases 
spermatozoids, when moistened by water. Biflagellated 
spermatozoids subsequently swim through the neck canal cells (nc) 
of the archegonium to reach the egg cell (e) in the archegonial 
venter. Fertilization takes place and the diploid zygote is formed. 
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condensation and morphogenesis to release the mature spermatozoids (Fig.3, (Hisanaga et al., 
2019)). During differentiation and maturation processes, autophagy was shown to be required for 
proper sperm development (Sanchez-Vera et al., 2017). Upon spermatozoid maturity, the antheridial 
tip cell swells and bursts (when moistened by water) to release the mature biflagellate 
spermatozoids. A few days after antheridia initiation (Kofuji et al., 2009), the archegonium apical 
stem cell undergoes, similarly to the antheridium apical stem cell, anti-clinal divisions to form inner 
and outer cells. The inner cell subsequently divides anti-clinally and gives rise to the egg-initial and 
canal cells. The lower part develops into the egg-containing venter, whereas the canal cells divide 
and elongate to become the archegonial neck. Upon maturity, the previously closed archegonial tip 
opens and the canal cells dissolve. The mature spermatozoids can now reach and fertilize the egg cell 
to induce sporophyte development. During archegonium maturation, autophagous processes can be 
detected in the canal cells as well as in the egg and basal cell. Defects in autophagy correlate with 
more dense material in the canal cells which does not inhibit fertilization (Landberg et al., 2013; 
Sanchez-Vera et al., 2017).  
After successful fertilization, the diploid sporophyte develops from the zygote and undergoes 
embryogenesis. The first division is asymmetric, forming an apical and a basal cell. The apical cell will 
develop into the spore capsule, whereas the lower part will penetrate into the gametophore and 
forms in comparison to other Funariaceae a short seta (Engel, Paulinus P., 1968; Medina et al., 2019). 
The sporophyte cells contain chloroplasts, but also receive metabolites and nutrients from the 
gametophyte throughout the sporophyte development (Haig, 2013; Regmi et al., 2017). The 
sporophyte develops through differentially described and grouped stages. Groups are defined by age 
(S1 – SM, Ortiz-Ramirez et al., 2016) or by developmental stage (initial to brown sporophyte 
(O’Donoghue et al., 2013; Daku et al., 2016). First steps of embryo development are performed 
within the archegonium (S1-S2, initial development). These first developmental steps are mainly 
defined by cell amplification leading to a growing embryo. During these steps, the archegonium 
ruptures and becomes the calyptra, which is at least protecting the young sporophyte from 
dehydration in mosses (Budke and Goffinet, 2016). Afterwards, the capsule enlarges (S3) and 
sporogenesis is performed. After meiosis of the spore mother cells (SMC) in early green sporophytes, 
tetrads give rise to each four haploid spores. During spore maturation, the sporophyte turns from 
mid green (mid sporophyte) to yellow. After maturation, the brown mature sporophyte ruptures and 
releases up to 3000 spores of the new generation (SM (Nakosteen and Hughes, 1978; Hohe et al., 
2002; Sakakibara et al., 2008)). As in all other land plants, bryophytes possess stomata on the 
sporophytic generation which is, in the case of bryophytes, the three-dimensional sporophyte. In 
bryophytes, stomata are suggested to play a role during sporophyte maturation, but being a highly 
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discussed topic, additional work will have to be performed to elucidate stomata function (Chater et 
al., 2017; Merced and Renzaglia, 2017).  
 
6.5 Bryophytes possess evolutionary conserved flagella 
 
Bryophytes are flagellated plants, which possess bi-flagellated spermatozoids, which are a defining 
and name-giving feature of streptophytes (Renzaglia and Garbary, 2001). Flagellated gametes are 
ancestral to all eukaryotes (Stewart and Mattox, 1975; Mitchell, 2007) and have been secondarily 
lost several times as e.g. in the algae Zygnematales (Transeau, 1951) and, probably in the MRCA of 
conifers, Gnetales and flowering plants (Renzaglia et al., 2000; Renzaglia and Garbary, 2001). (Motile) 
flagella show a common architecture throughout the tree of life (Carvalho-Santos et al., 2011) and 
are the only motile cells of archegoniates comprising bryophytes, lycophytes, pteridophytes and seed 
plants (Renzaglia and Garbary, 2001). Still, flagellated male gametes are highly adapted and show 
myriads of variations between species (Alvarez, 2017). Spermatozoids of the setaphytes show a 
sinistral coiled architecture which consists of a cylindrical condensed nucleus, two mitochondria, one 
plastid and two flagella at its distal end (Fig. 4A, (Renzaglia et al., 2000)). Spermatozoids of the 
charophyceaen lineage and land plants possess a unique multi-layered structure (MLS), that 
comprises the spline microtubules (SM) and the lamellar strip (LS). The SM form the structural 
framework of the cell and the organelles are attached to it (Renzaglia et al., 2018). The MLS is located 
within a microtubule organizing center (MTOC) which is derived from centrosomes. In the MTOC two 
end to end attached centrioles give rise to the dimorphic basal bodies (BB) which anchors the flagella 
and serves as the nucleation site of axonemes. Centrioles and BBs show a pattern of nine 
microtubule (MT) triplets, arranged around a central core with a stellate pattern. This pattern can 
vary in the BBs with the anterior basal body showing a pattern of up to nine MT triplets whereas the 
posterior basal body displays only three MT triplets on the bottom (Bernhard and Renzaglia, 1995; 
Renzaglia and Garbary, 2001; Renzaglia et al., 2017). Between the motile axonemes and the basal 
body a transition zone with nine peripheral MTs doublets is present. Of the three microtubules 
originating in the centrioles, the a and b microtubules elongate in the transition zone, whereas the c 
microtubules are terminated (Fig. 4B,(Hodges et al., 2012)). Motile axonemes show a highly 
conserved 200nm ultrastructure composed of nine peripheral MT doublets enclosing a central MT 
pair (CP) (Renzaglia et al., 2000; Renzaglia and Garbary, 2001; Satir et al., 2008; Carvalho-Santos et 
al., 2011). The outer MT doublets are interconnected via nexin and associated with several motor 
and radial spoke proteins (RSP) important for stability and motility of the flagella. RSPs are composed 
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of a stalk and a head and extend from the a MT of each outer MT doublet towards the CP MTs and 
serve as transient links (Fig. 4C). In C. reinhardtii RSPs are required for flagellar motility (Piperno et 
al., 1981; Huang, 1986). Flagellar motility is derived from dynein motor proteins which drive 
interdoublet sliding (Porter and Sale, 2000; Heuser et al., 2009). Two types of dyneins are shown to 
be present in the flagellar model organism C. reinhardtii: inner dynein arms (IDA) and outer dynein 
arms (ODA) (Dutcher, 2000), which work together in a highly coordinated complementary way to  
 
Figure 4: Moss spermatozoid morphology and ultrastructure. A: Sinistral coiled spermatozoid with elongated nucleus (n, 
blue) bearing three organelles, one plastid and two mitochondria (o). A locomotory apparatus is located at its distal end of 
which two flagella emerge (f). B: The locomotory apparatus consists of a multi-layered structure (MLS) and two dimorphic 
basal bodies (BB). The MLS comprises a lamellar strip (LS) and overlying spline microtubules (SM). The centriole (not shown) 
shows nine microtubule (MT) triplets (a: red, b: blue, c: green) arranged around a central core with a stellate pattern. The 
BBs show dimporphic MT patterns, whereas the posterior BB shows usually three bottom MT triplets and the anterior BB 
up to nine MT triplets. In the transition zone, a and b MTs are elongated into the transition zone. C: The axoneme shows 
nine outer MT doublets and a pair of single MTs in the center (CP) which are connected by a bridge (purple). They are also 
surrounded by protein projections (cyan). The outer MTs are interconnected by nexin (orange) and connect to the CP via 
radial spoke proteins (RSP, grey). The a MT possess inner arm dyneins (IDA, yellow) and outer arm dyneins (ODA, yellow). 
Redrawn from (Carvalho-Santos et al., 2011; Renzaglia et al., 2018; Renzaglia and Garbary, 2001; Meyberg et al., 2019).  
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generate flagellar waveforms (Brokaw and Kamiya, 1987; Kamiya, 1995). With regard to their 
function it could be shown, that IDAs are linked to the beat pattern whereas ODAs are linked to the 
beat frequency (Silflow, 2001). In comparison to unicellular flagellated algae, bryophyte 
spermatozoids seem to be limited in motility time and distance. For M. polymorpha it could be 
shown that spermatozoid motility lasts for ca. 60 minutes, but that spermatozoids where limited in 
distance and required movement of the surrounding water to reach distances above 2-3 cm (Furuichi 
and Matsuura, 2016). The dynein setup, namely the occurrence of IDAs and ODAs, is contradictory 
reported in bryophytes. (Carvalho-Santos et al., 2011) reported only ODAs to be present in M. 
polymorpha, whereas Rensing et al., Hodges et al., and Wickstead and Gull suggested, that only IDAs 
and no ODAs are present in bryophytes (Rensing et al., 2008; Hodges et al., 2012; Wickstead and 
Gull, 2012). Thus, the dynein status of the model moss P. patens flagellum, and with it the 
mechanisms behind motility, will have to be determined in future.  
Plant and mammalian male gametes are highly similar and share not only structural but also genetic 
similarities. In plants as well as in mammals, the chromatin is highly condensed, which is shown to 
protect the genome against mutations (Rathke et al., 2010). Also, autophagous cytoplasmic 
reduction mediated through the autophagy related protein 7 (ATG7) is required for male fertility in 
mice and moss (Sanchez-Vera et al., 2017). Finally, sperm attraction of the female in moss and mice 
is mediated via glutamate-receptor-like ion-channels (Ortiz-Ramírez et al., 2017). Concluding, several 
aspects of male fertility in flagellated land plants and mammals probably have their roots in the most 
recent common ancestor (MRCA) and evolved independently afterwards. 
 
6.6 Alternation of generation 
 
The life cycle of land plants is diphasic and alternates between two multicellular generations, the 
haploid gametophyte and the diploid sporophyte, with fertilization and meiosis constituting the 
switches in between (Hofmeister, 1851). Streptophytic algae as e.g. the model organism Chara 
braunii have a haplontic life cycle with a dominant and multicellular haploid generation whereas the 
diploid generation is unicellular and encompasses one cell, the zygote (Nishiyama et al., 2018). Some 
algae also show a haplo-diplontic lifestyle whereas Ulva represents the isomorphic and e.g. 
Laminaria the heteromorphic type (Potter et al., 2016; Liu et al., 2017). In angiosperms, the haploid 
phase is highly reduced to the male multicellular gametophyte, the pollen grain and the multicellular 
female gametophyte (Drews and Yadegari, 2002). 
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The alternation of generation is regulated by several genetic and epigenetic factors e.g. 
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) and CURLY LEAF (CLF), genes of the POLYCOMB 
REPRESSIVE COMPLEX 2 (PRC2) group, which was shown to act via the histone modification 
H3K27me3 on gene expression of downstream genes in Drosophila melanogaster (Nekrasov et al., 
2005). In P. patens knock-out mutants of FIE and CLF, the development is arrested in the 
gametophytic phase, inhibiting the alternation of generations. FIE acts on the regulation of stem cell 
maintenance and affects the expression of the HOMEOBOX KNOX1 transcription factors (TF) mkn2 
and mkn5 which are involved in sporophyte development (Katz et al., 2004; Sakakibara et al., 2008; 
Mosquna et al., 2009). KNOX2 genes could be shown to repress apospory (Sakakibara et al., 2013), 
leading to the conclusion that KNOX HOMEOBOX TFs act on the repression of the diploid body plan 
of P. patens. In C. reinhardtii, it could be shown that zygote development, the first stage of the 
sporophytic generation, depends on a heterodimer of KNOX and another HOMEOBOX TF BELL (Lee et 
al., 2008) similar to mammals (Bellaoui et al., 2007; Rensing, 2016). In P. patens, expression of knox 
and bell homeobox genes in the sporophytic stage could be shown, suggesting a putative conserved 
regulation within mammals and algae (Frank and Scanlon, 2015). Contrary to the knox genes, it could 
be shown that the overexpression of bell1 leads to apogamy, developing a sporophytic body plan in 
haploid tissue, bypassing the alternation of generation (Horst et al., 2016). Thus, BELL/KNOX 
heterodimerization is required for the alternation of generation and for the subsequent body plan 
formation of plants and is probably conserved between green algae, land plants and possibly 
mammals (Lee et al., 2008; Rensing, 2016). So far, no involvement of HOMEOBOX TFs in the male 
germline in plants could be shown yet, but in human, RHOX homeobox genes are correlated with 
male fertility and controlled via DNA methylation (Richardson et al., 2014). 
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7 Research objectives 
 
The aim of this thesis was to identify and analyze factors which are involved in the sexual 
reproduction of the model moss Physcomitrella patens. In early land plant models, little is known 
about genes required for the sexual reproduction, which includes gametangia initiation, gametangia 
development, fertilization, embryo and sporophyte development. To achieve this goal, two 
approaches were chosen. The first approach made use of the worldwide used laboratory strain Gd, 
which was reported to show defects in its sexual reproduction, which is thought to be based on the 
accumulation of somatic (epi-) mutations due to long term vegetative reproduction in vitro. Thus, 
characterization and establishment of the recently collected P. patens ecotype Re and its 
establishment in research was planned as well as comparative analyzes between ecotypes to localize 
and characterize the Gd impairment. The fertility of different Gd strains, Re and Vx was quantified 
employing the number of sporophytes developed per gametophore. In addition, gametangia were 
morphologically analyzed. Genetic and epigenetic differences were determined using SNP and 
differentially methylated positions (DMP) data. Differences in the gene expression during sexual 
reproduction were quantified via qPCR and RNA-seq analysis.  
The second approach was planned to identify candidate genes required for successful sexual 
reproduction of P. patens. The goal was to use publicly available expression data to identify genes 
exclusively expressed in different developmental stages and tissues during sexual reproduction. The 
function during the P. patens life cycle resp. sexual reproduction was planned to be determined via a 
reverse-genetic approach. Knock-out mutants were generated and characterized to eventually get 
new insights into genes important in early land plant sexual reproduction.  
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8 Publications 
8.1 Sexual reproduction, sporophyte development and molecular variation in the 
model moss Physcomitrella patens: introducing the ecotype Reute 
 
As previously introduced, several laboratories started to realize that their long term vegetatively 
propagated cultures were impaired in sexual reproduction. In this publication, the more recently 
collected ecotype Re was introduced and characterized, comparing sexual reproduction, genetic 
variability and gene expression to the frequently used ecotypes Vx and/or Gd. Expression analysis of 
different developmental stages involved in the sexual reproduction was performed in order to 
identify genes important for specific developmental time points and processes. No developmental 
and obvious differences in morphology or timing could be identified during gametangia 
development. Quantification of the number of sporophytes developed per gametophore, employed 
as indirect fertility measurements, revealed Gd to be nearly self-sterile. In comparison, Re and Vx 
were shown to be highly self-fertile and developed high numbers of sporophytes per gametophore. 
Genetic variations, namely the number of base pairs per SNP, of the analyzed ecotypes were 
determined and showed Re being genetically 10-fold closer to Gd compared to Vx, who displays a 
similar genetic distance to Gd as seen in A. thaliana ecotypes, updating previous analyses (Kasahara 
et al., 2011). Nevertheless, micro array data generated from adult gametophores of Re and Gd 
showed several TAPs to be DEGs, which might be responsible for the nearly sterile Gd phenotype. 
Comparative analysis of different sporophyte developmental stages allowed to identify several DEGs 
representing the morphological changes during sporophyte development, e.g. cell wall modifying 
proteins and proteins involved in the UV-B response of the sporophyte. This publication now allows 
the community to use the closely related fertile ecotype Re as a proper replacement for studies, 
previously performed in Gd. Re enables the analysis of the sexual reproduction and the resulting 
sporophyte of the model moss P. patens as well as further work on the characterization of the Gd 
nearly self-sterile phenotype. 
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8.2 The Physcomitrella patens chromosome-scale assembly reveals moss genome 
structure and evolution 
 
Today, the quality and efficiency of molecular and bioinformatic work is highly dependent on the 
resources available, e.g. the genome, transcriptome, methylome. This second genome paper, 
introducing the P. patens genome at chromosomal scale, was a huge milestone for the bryophyte 
and plant evo-devo communities. The improved genome assembly and annotation eased the 
bioinformatic and molecular work and lead to new findings. E.g. the distribution of genes and TEs 
over the chromosome could be shown to be homogenous in P. patens whereas for flowering plants, 
gene- and TE-rich regions are known. It also could be shown that the chromosomes, with a uniform 
distribution of eu- and heterochromatin, display a peak of copia-type TEs on each chromosome, 
coinciding with the centromeric region as well as histone marks co-localizing with genic areas 
(activating marks) and intergenic/TE regions (repressive marks). In addition, a high-quality dataset of 
DNA methylation was published, showing gene body methylation to be present in some genes, 
coinciding with gene silencing, contrary to flowering plants. Interestingly, it was found that the P. 
patens genome probably underwent two rounds of whole genome duplications which could not be 
shown for hornworts or liverworts. Thus, this publication demonstrated the P. patens genome to be 
different from seed plant and other bryophyte genomes and provides a strong basis for future 
analysis of genome evolution.  
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8.3 Physcomitrella patens Reute-mCherry as a tool for efficient crossing within and 
between ecotypes 
 
The monecious model moss P. patens predominantly selfs when cultivated in vitro. In most 
laboratories, Gd is the predominantly used ecotype which could be shown to be nearly self-sterile 
(Hiss et al., 2017). In order to analyze e.g. fertility, segregation of genetic markers and to determine 
species distance, crossing is the method of choice. For fast and efficient analysis, lines with 
fluorescent tags have already been established using the Gd and Vx ecotypes (Perroud et al., 2011). 
In this publication, the closely to Gd related ecotype Re (Hiss et al., 2017) has been established as an 
efficient crossing partner and is now available with the fluorescent tag mCherry. Crossing analysis 
with a less fertile Gd mutant showed the newly generated Re-mCherry line can cross fertilize with a 
high efficiency. The Re background shows similar growth behavior to Gd. Thus, this publication now 
allows the community to separate already established mutants from the Gd background and to 
transfer them in the fertile and highly similar Re background for analysis of processes like sporophyte 
development, requiring sexual reproduction.  
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8.4 Identification of genes involved in Physcomitrella patens sexual reproduction 
 
To identify genes which are involved in the process of sexual reproduction in P. patens, publicly 
available array data have been used. The archegonial data set published by (Ortiz-Ramírez et al., 
2016) was used to select genes expressed during sexual reproduction. An expression level cut-off was 
applied, based on the expression level of the low abundance KNOX TF mkn2 (relative expression (RE) 
>= 750 (Sakakibara et al., 2008)). Second, only genes expressed exclusively in the archegonial data set 
were kept by selection against expression in all other tissues from (RE < 750, (Ortiz-Ramírez et al., 
2016)) and the RNA-seq data by (reads per kilo base per million mapped reads (RPKM) < 2, (Perroud 
et al., 2018)). Additionally, all genes showing no homolog in M. polymorpha were discarded, to get 
rid of putative artefacts and to positively select conserved genes.  
Finally, 15 candidate genes, showing the highest expression in the archegonial sample were selected. 
Nine additional candidate genes found via literature research were added, to analyse their 
expression pattern. cDNA, obtained from juvenile and adult gametophore apices of the ecotypes Gd 
and Re, was used to confirm in vivo expression in P. patens reproductive tissues via RTPCR, and for 
five selected candidate genes via qPCR. Sample preparation, RTPCR, qPCR and qPCR expression 
normalization employing act5 (Pp3c10_17070V3.1) as reference gene was carried out as previously 
described ((Hiss et al., 2017; Meyberg et al., 2019) Fig. 5, chapter 12). The qPCR results confirmed the 
functionality of the chosen candidate gene approach. The five selected candidate genes showed 
nearly no expression in juvenile, but expression in adult gametophore apices whereas Re showed 
higher expression levels in general when compared Gd. Thus, the chosen candidate genes might be 
involved in the described fertility reduction of Gd. 
Figure 5:  Gene expression of 
selected candidate genes in Re (R) 
and Gd (G) juvenile (j) and adult 
(a) gametophore apices. Average 
expression of two independent 
biological replicates was used and 
normalized to the reference gene 
act5. Expression of chosen 
candidates show nearly no 
expression in the juvenile but 
expression in the adult samples, 
whereas Re shows overall a 
slightly higher gene expression 
compared to Gd. Error bars: 
standard deviation. rU: relative 
units. 
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To learn more about the putative gene function and differences between both ecotypes, the five 
selected candidate genes were analyzed in silico. SNPs (Hiss et al., 2017), epigenetic marks (Widiez et 
al., 2014; Lang et al., 2018) and the functional annotation (phytozome.org) were compared. The 
selected candidate gene function was chosen to be determined via a reverse genetic approach and 
for all candidates, KO mutants were generated as recently described (Meyberg et al., 2019, chapter 
12). For the further work, only candidate gene 13, namely the coiled-coil domain containing protein 
39 (ccdc39) was used (chapter 6.5). 
Table 1: Candidate gene overview. qPCR expression marked in green for Gd and Re juvenile (j) and adult (a) apices. SNPs 
(Gd vs. Re), no expression marked in red. Presence of DNA methylation in Gd and differences in histone marks between 
protonema and juvenile gametophores marked in green, red marks absence. X: no data available. 
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8.5 Characterization of evolutionary conserved key players affecting eukaryotic 
flagellar motility and fertility using a moss model 
 
To finally understand the infertile Gd phenotype, work from the three presented publications was 
combined: Hiss et al., 2017 set a basis by the quantification of the lack of developed sporophytes in 
Gd compared to Re and Vx and supplied this publication with the genetic divergence between the 
analyzed ecotypes. The Gd DNA methylation data which was published in Lang et al., 2018 is now 
comparatively analyzed with the corresponding methylome of Re. Finally, a crossing analysis was 
employed to pinpoint the impairment of Gd using the Re-mCherry strain which was introduced in 
Perroud et al., 2019.  
As previously introduced, flagella are an ancestral feature of eukaryotes and were already present in 
the LECA. Independent of the organisms motility, flagella are required for sexual reproduction in 
most eukaryotic species and defects within flagella are often associated with infertility. Bryophytes 
belong to the clade of flagellated plants and possess bi-flagellated male gametes. As previously 
reported, several laboratories including our laboratory, recognized fertility issues with the most 
frequently used ecotype Gd and it was shown that the number of sporophytes developed per 
gametophore is significantly reduced in Gd (Hiss et al., 2017). Additionally, only little was known 
about genes important during P. patens sexual reproduction. Thus, morphological and molecular 
phenotyping of Gd, as well as a candidate gene approach (chapter 6.4) were performed, in order to 
identify genes involved in P. patens sexual reproduction and to characterize the Gd impairment. 
Crossing experiments with the previously introduced marker strain Re:mCherry was employed to 
show Gd archegonia are fully functional and subsequently the male defective phenotype was 
analyzed. Comparative genetic, epigenetic as well as expression analysis identified a set of genes 
required for male fertility in algae and mammals, showing a conservation of flagellar genes across 
kingdoms. A conserved coiled-coil domain 39 containing protein was identified to be important for 
flagellar assembly in P. patens and also to contribute to the Gd phenotype. This study does not only 
show Gds impairment within several flagella associated genes, probably due to accumulation of 
somatic (epi-) mutations during long vegetative reproductive periods, but also demonstrates, how P. 
patens can be used as an easily accessible model system to study genes involved in male defects. 
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9 Concluding remarks and outlook 
 
In summary, the work presented here did not only help to understand the loss of fertility in the Gd 
ecotype, but also introduced and characterized the fertile ecotype Re and several newly generated 
resources for P. patens. Namely, a comparative DNA methylation data set of sexual reproductive 
tissue was generated using Gd and Re; the fluorescent marker strain Re-mCherry was introduced 
which can be employed in crossing analyses; comparative RNA-seq analysis of antheridia bundles was 
generated for Gd and Re which allows to get deeper insights into spermatozoid development and 
differences between both ecotypes. 
Finally, this work also could show that key players required in P. patens and mammal sexual 
reproduction are evolutionary conserved.  
 
9.1 Gransden infertile phenotype probably due to somatic (epi-) mutations 
 
The finally determined locus of impairment in the world wide used ecotype Gransden which indeed, 
should be defined as a lab strain, with Gd ecotype background, was shown to be the male 
reproductive apparatus. Interestingly, SNP, KaKs, DNA methylation and RNA-seq analysis from the 
presented publications and tissues showed differences between Gd and Re, in which GO bias analysis 
and/or selected marker genes pinpointed towards impairments in the sexual reproduction. My 
assumption here is that Gd and Re are even more closely related than thought before and that the 
shown differences are due to the long term vegetative reproduction in vitro, which led to the 
accumulation of (epi-) mutations visible in the comparative analysis (Ashton and Raju, 2000; Perroud 
et al., 2011; Hiss et al., 2017; Meyberg et al., 2019). The distance between both collection points 
could easily be bridged by migrating birds which was proposed earlier (Beike et al., 2014; Hiss et al., 
2017). This theory is supported by the low number of SNPs found between Gd and Re in comparison 
to the ecotypes Vx and Kaskaskia (Ka) and in comparison to ecotypes in e.g. A. thaliana (Cao et al., 
2011; Hiss et al., 2017; Lang et al., 2018). To prove this theory, it might be worthwhile to analyze the 
SNPs between the japanese Gransden (GdJ) laboratory strain which still can develop a solid number 
of sporophytes (~60%, Meyberg et al., 2019) and Gd resp. Re. With this approach, also the effect of 
natural variations as a putative trigger of infertility can be reduced: genes, affected by the negative 
selection pressure due to the missing sexual reproduction of Gd, should show less divergence in 
comparison of Re and GdJ, but several SNPs when Gd and GdJ are compared. 
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9.2 Physcomitrella patens can be employed for analysis of defects in the mammal 
male germline 
 
So far, several P. patens genes were shown to have homologs in mammals, but in particular genes 
involved in the male sexual reproduction, show highly similar functionalities of the proteins as well, 
e.g. GLR (Ortiz-Ramírez et al., 2017), ATG7 (Sanchez-Vera et al., 2017) and CCDC39 (Meyberg et al., 
2019). This leads to the assumption that the development of flagellated male gametes and sessile 
female gametes is not convergent but homologous between plants and mammals. Usually, C. 
reinhardtii is employed for the analysis of flagellar related genes which are responsible for male 
infertility in human (Lechtreck and Witman, 2007; Oda et al., 2014). In comparison to the used algal 
model so far, bryophytes possess not only mating types, but spermatozoids and egg cells which fuse 
to yield the zygote after successful fertilization. The flagella are not present during most of the life 
cycle and only develop for sexual reproduction as in mammals. Also several resources are available, 
as e.g. the genome, transcriptomes and methylomes and efficient transformation and gene targeting 
protocols are available. The two suggested model organisms are the liverwort M. polymorpha and 
the moss P. patens. Both have different advantages and can be used for different approaches: M. 
polymorpha is diocious and thus has the advantage of a clear separation of the sexes for e.g. 
DNA/RNA extraction for DNA methylation or expression analysis. In comparison, P. patens is easily 
cultured and transformed, the induction of sexual reproduction is fast and the life cycle in vitro is 
shorter. Additionally, antheridia, archegonia and the sporophytes are not hidden inside the 
antheridio-/archegoniophores and thus, easily accessible for harvest or microscopical analysis. 
Efficient crossing analysis can be performed without effort and also multiple mutants can be 
generated this way. Thus, organisms should be chosen depending on the scientific topic which should 
be addressed. Based on the presented work, I propose bryophytes as a model system for easy and 
quick analysis of genes affecting female or male reproductive organs as e.g. genes associated with 
flagellar dysfunctionalities in mammal and particulary human diseases. 
 
9.3 Bryophytes possess inner and outer dynein arms 
 
As described in the introduction, contrary information about the presence of IDAs and ODAs in 
bryophytes is published. The motility of eukaryotic flagella is dependent on these dynein motor 
proteins which drive interdoublet sliding (Porter and Sale, 2000; Heuser et al., 2009) whereas most 
eukaryotic flagella probably show inner and outer dynein arms (Silflow, 2001). The data underlying 
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the previous publications which were published in 2011 and 2012 was, with regard to bioinformatic 
analysis quite fragmented. Also the development of the tools used for analysis was not as far as it is 
now. Thus, probably the lack of high quality and in depth sequencing data of the genomes as well as 
transcriptomes was one part leading to the contrary results. With regard to the morphological 
analysis, several studies were probably performed on laboratory strains. As this work could show, the 
accumulation of mutations and epi-mutations due to in vitro culture leading to the loss of fertility 
through the loss of IDAs is possible. Thus, the possibility to gather mutations in ODAs or IDAs or in 
proteins affecting their function could also have led to the contrary results. Additionally, the process 
needed to finally get a TEM image of a flagellar ultrastructure is complicated and e.g. images with 
little contrast could easily hide the presence of IDAs or ODAs. Finally, the here presented 
ultrastructural analysis of mature Gd and Re axonemes showed the presence of probably both, inner 
and outer dynein arms in P. patens and solved at least for mosses, the contrary information 
published so far.   
 
9.4 Outlook 
9.4.1 Future usage of data and methods established in this thesis 
 
Data sets and findings from the presented work will be and have already been used for further 
research. The DNA methylation data for the Gd ecotype, published in Lang et al., 2018, is the first 
part of a comparative DNA methylation analysis between Gd and the previously introduced ecotype 
Re which was employed in Meyberg et al., 2019. This data set was also used for the development of a 
pipeline identifying differentially methylated regions (DMR) in plants (Kreutz et al., under revision).  
The fluorescent marker strain Re-mCherry is employed for all crossing analysis performed in Meyberg 
et al., 2019 and additionally in the latest analysis of DEK1 localization and fertility analysis (Perroud et 
al., in preparation). The RNA-seq analysis of antheridia bundles presented in Meyberg et al., 2019 will 
be made available in the Physcomitrella expression analysis tool (PEATmoss, Fernandez-Pozo et al., 
under revision), which then can be used by the community to assess expression in sexual 
reproductive tissues as well as comparative analyses between Gd and Re. The technique developed 
for microscopical antheridia and spermatozoid analysis will also be employed for further publications 
as e.g. in Perroud et al., (in preparation) characterizing DEK1 localization in P. patens antheridia and 
spermatozoids as well as for mutant spermatozoid characterization in research performed by Anne C. 
Genau. 
 
 
99 
 
9.4.2 Project specific outlook 
 
Based on the results of this work, I am highly interested in the complementation analysis of the 
ccdc39 mutant. To determine the level of evolutionary conservation, I would like to employ 
homologs from alga, liverworts and human. To analyze the temporal and spatial protein presence, a 
P. patens ccdc39:gfp would serve well. Since the C. reinhardtii mutant did always show flagella with a 
reduced length (Oda et al., 2014) which is not the case in P. patens, I would also like to analyze 
ccdc40 which is a direct interaction partner of ccdc39 in human and algae. Defects in ccdc40 also lead 
to PCD in human displaying a comparative phenotype to mutations in ccdc39 (Becker-Heck et al., 
2011; Antony et al., 2013). In this case, the analysis of single as well as double deletion mutant 
phenotypes with regard to the flagella and the flagellar ultrastructure would be interesting in 
particular, if the deletion of both interaction partners led to a reduction of the flagellar length. This 
would give new insights into the evolution of ccdc39 and ccdc40 function in eukaryotic cilia. 
Additionally, in depth analysis based on the newly released expression data sets and high quality 
TEM images stained with specific antibodies of IDAs and ODAs would be highly interesting to get 
deeper knowledge about IDAs and ODAs in early diverging land plants.  
With regard to the methylation and RNA-seq data I would like to dive deeper into the flood of genes 
that are differentially expressed and methylated between Gd and Re and, if possible, identify the 
reason for the hydin hypermethylation which, at least partly, led to the Gd infertile phenotype. Also, 
some of the candidate genes from the candidate gene approach should be analyzed further, since 
promising first phenotypic data are available. Finally, I propose several putative scientific projects can 
arise from my presented work and I am looking forward to find out more about the factors affecting 
sexual reproduction in P. patens. 
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11 Attachment 
11.1 RTPCR analysis 
 
RTPCR and qPCR primer were designed to, if possible, include at least one exon-exon border to 
restrict DNA amplification. Gel images of RTPCR for all 24 candidate genes in Gransden (G) and Reute 
(R) juvenile (j) and adult (a) apices were analysed. Green rectangle marks presence, or putative 
presence (question mark), of a PCR product with the predicted size, which is indicated in brackets 
next to the candidate gene number. 
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11.2 Candidate gene qPCR results 
 
2-cq was calculated for each sample and normalized by reference gene median expression. Technical 
replicates were normalized by median, biological replicates by average. Average and standart 
deviation of all biological replicates was determined and used for visualisation (Tab. 2, Fig. 5). 
Table 2: qPR expression of the five selected candidate genes.  
 
 
 
 
Median Median
Condition Gene Replicate 1 Replicate 2 average stdev
Gj act5 1 1 1 0
Ga act5 1 1 1 0
Rj act5 1 1 1 0
Ra act5 1 1 1 0
Median Median
Condition Gene Replicate 1 Replicate 2 average stdev
Gj 1 0 0 0 0
Ga 1 0.073812041 0.168404197 0.121108119 0.066886755
Rj 1 0 0 0 0
Ra 1 0.262429171 0.275476279 0.268952725 0.009225699
Median Median
Condition Gene Replicate 1 Replicate 2 average stdev
Gj 2 0 9.53674E-07 4.76837E-07 6.7435E-07
Ga 2 0.289172046 0.586417475 0.43779476 0.210184258
Rj 2 1.25838E-06 0 6.2919E-07 8.8981E-07
Ra 2 0.489710149 0.972654947 0.731182548 0.341493542
Median Median
Condition Gene Replicate 1 Replicate 2 average stdev
Gj 3 0 0 0 0
Ga 3 0.273573425 0.482968164 0.378270795 0.14806444
Rj 3 0 0 0 0
Ra 3 0.476318999 0.812252396 0.644285698 0.237540783
Median Median
Condition Gene Replicate 1 Replicate 2 average stdev
Gj 5 0 0 0 0
Ga 5 0.040386026 0.05440941 0.047397718 0.00991603
Rj 5 0 0 0 0
Ra 5 0.0476956 0.114228931 0.080962266 0.04704617
Median Median
Condition Gene Replicate 1 Replicate 2 average stdev
Gj 13 0 0 0 0
Ga 13 0.015303442 0.031467361 0.023385402 0.011429617
Rj 13 9.1873E-05 0 4.59365E-05 6.4964E-05
Ra 13 0.037162722 0.035402621 0.036282672 0.001244579
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11.3  Knock-out strategy and constructs 
 
To generate the knock-out mutants, homologous recombination was used to exchange the complete 
gene locus (Fig. 6). This has the advantage of generating mutants with a known genome sequence 
and the complete loss of gene function. 
 
Figure 6: Sketch of KO generation via homologous recombination. A: Wild type locus (blue) flanked by the homologous 
regions (HR) one and two. B: Mutant locus with the resistance cassette between both HRs. Resistance cassette consists out 
of a 35S promotor (p35S), a hygromycin resistance (hptII) and a cauliflower-mosaic-virus terminator (tCMV).                        
 
 
Figure 7: KO-constructs for candidates 1,2,3 and 5 (A-D)  and their corresponding size in nucleotides (nt). Each construct is 
based on pBHRF (Schaefer et al., 2010). All constructs encompass an ampicillin resistance (AmpR) for amplification in 
Escherichia coli and a hyromycin resistance (HptII) for mutant selection in P. patens. Used restriction enzymes are shown in 
light blue and homologous regions (HR) in blue. 
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12 Supporting information 
Published supplements of publications contributing to this thesis. Partial supplements provide the 
link to the supporting information at the journal homepage. 
 
12.1 Meyberg et al., 2019 
Supplementary tables are available at BioRxiv: 
https://www.biorxiv.org/content/10.1101/728691v1.supplementary-material 
Figure S1: Detailed analysis of Gd and Re spermatozoids.  
The number of spermatozoids per antheridium does not vary significantly between Gd and Re (A, n = 
10 of each ecotype). Median-cantered box-dot plots representing 50% of the measurements within 
the white box, whereas the whiskers show the 1.5 interquartile range (IQR). Dots show individual 
measurements. In Re, 94% of the spermatozoids were motile, 6% were immotile of which 3% showed 
flagellar movement. In Gd, 8% of the spermatozoids where motile, 92% were immotile, of which 24% 
showed flagellar movement. The number of motile spermatozoids is significantly different between 
ecotypes (B, Gd n = 50, Re n = 103, p < 0.01 chi-square test). C: Gd spermatozoids (n = 51) show 
coiled flagellar tips statistically significantly more often compared to Re spermatozoids (n = 62, p < 
0.01, t-test). Median: black cross. 
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Figure S2: GO bias analysis and word cloud visualization.  
Over-represented terms are shown in green, whereas under-represented terms are shown in red. 
Larger font size correlates with a higher significance level. Genes affected by DMPs between Re and 
Gd in any of the contexts (CG, CHH, CHG) show over-representation of terms connected to cilia 
motility as well as terms related to macromolecule modification (A). Genes expressed in Gd (B) and 
Re (C) antheridia bundles show over-representation of polyamine and peptide biosynthetic processes 
as well as under-represented terms associated with mRNA capping.  
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Figure S3: Expression analysis of genes expressed in antheridia bundles.  
A: RT-PCR expression in adult gametophore apices of Gd and Re of hydin, march1 and bell1 genes 
matches RNA-seq data. B: RNA-seq expression of Gd and Re march1 (blue) and hydin (orange) show 
significant differences between Gd and Re (*, p < 0.01 t-test). 
 
  
Figure S4: Hydin gene. 
A: Exon and intron pattern 
of hydin. B: Aligned with 
the differentially 
methylated positions 
(DMPs) whereas 0 to 100 
represents positions 
methyated with 0-100% in 
Gd and 0 to -100 
represents positions 
methylated with 0-100% 
in Re. Gene body and 5‘-
UTR of Gd hydin are 
highly affected by DNA 
methylation showing CHG 
(94, blue) and CHH (41, 
yellow) methylation, 
whereas in Re a single CG 
(green) methylation could 
be detected in an intron.  
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Figure S5: March1 gene body methylation. 
Percentage of methylated reads per position per pattern of Gd (A) and Re (B) adult gametophores. 
The V3.3 gene model of march1 is shown in grey, the UTRs are marked in blue and exons are shown 
in orange. Very low levels of methylation are detectable in march1 and 2kb upstream in both Gd and 
Re. CHG (blue), CHH (yellow) and CpG (green) marks are shown. 
 
 
Figure S6: Network analysis of genes associated with proper flagellar functionality.  
A: March1 network shows two protein phosphatases being co-expressed in common with CCDC39 (C, 
black arrows). B: Network analysis of hydin shows connectivity with genes affecting sperm cells 
(CCDC39, RSPH9, TLL6-like). C: Network analysis of CCDC39. Coexpressed protein phosphatases 
marked by black arrows. Line color specifies connection type between analysed proteins: dark grey 
marks co-expression, light green marks literature analysis, sky blue marks protein homology, grass 
green marks gene neighborhood, cyan marks interaction shown by curated databases, pink marks 
experimentally determined interactions. 
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Figure S6: Percentage of ccdc39 methylated reads per position. 
Gd (A) and Re (B) adult gametophores. Gene model annotation as described in Fig. S5. Low gene 
body methylation is detectable in ccdc39 and 2kbp upstream in both Gd and Re.  
 
 
Figure S7: Protonema (A) and gametophore (B) development of Re compared to ccdc39 mutant 
strains.  
No obvious morphological differences could be observed in the analysed mutant lines. 
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Figure S8: Gametangia development of ccdc39 mutant strains compared to Re.  
No obvious morphological differences can be detected. A: dissected apices with both archegonia and 
antheridia, B: detailed images of the antheridia bundles. 
 
 
Figure S9: Number of sporophytes per gametophore developed under selfing conditions for P. patens 
ecotypes Re, Gd and GdJp.  
Re (n = 3, 730 gametophores) shows median 100% sporophyte per gametophore, Gd (n = 3, 523 
gametophores) shows 1.9% sporophytes per gametophore and  GdJp (n = 3, 653 gametophores) 
43.1%. GdJp develops significantly more sporophytes per gametophore in comparison with Gd (p < 
0.05, t-test). 
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Figure S10: Sporophyte per gametophore development for all three independently analysed ccdc39 
strains. 
All ccdc39#8 (n = 546), ccdc39#41 (n = 714) and ccdc39#115 (n = 537) show in median 0% of 
sporophytes in comparison to median 99% of sporophytes for the corrosponding wildtype 
background Re. 
 
Figure S11: Expression level of act5 in juvenile (j) and adult 
(a) apices of Gd and Re show similar expression. 
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Figure S12: Final vector for amplification via ampicillin selection (yellow) of the knock out cassette 
flanked by the enzymes PmeI and AscI. HR1 and HR2 (blue) flank the resistance cassette consisting 
out of the 35S promotor (green), the hptII resistance gene (pink) and the CMV terminator (red). 
 
Figure S13: Gel images and sketch (E,F) of performed genotyping on Re and ccdc39 gDNA.  
Presence of the wild type locus was tested using ingDNA_for/rev (A). HR1 (B) and HR2 (C) presence 
was verified using HR1in_for/p35S_rev and tCMV_for/HR2in_rev. Full length amplification was 
performed using HR1in_for/HR2in_rev (D). 
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12.2 Perroud et al., 2019 
Supporting information is accessible at the journal homepage: 
https://onlinelibrary.wiley.com/doi/full/10.1111/plb.12840 
 
12.3 Lang et al., 2018 
Download complete supplemental material: 
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Ftpj.13801&file=tpj138
01-sup-0001-AppendixS1.docx 
 
 
Figure S29: Genes affected by body methylation. 
 
 
A 
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Figure S30: Methylated genes. 
A) Distribution of methylated positions (%) across all three contexts in genes showing GBM. 
B) GO bias analysis of methylated genes with RPKM > 0, biological process ontology. C) 
Venn diagram showing expression of methylated genes in the three principal developmental 
stages. 
 
 
 
Table S18: Comparison of methylation contexts with GC and expression evidence.  
Most methylated genes show no expression (no RPKM); increasing RPKM is associated with 
increasing GC and decreasing methylation content. Percentage methylation varies between 
contexts whereas GC content is relatively stable. 
 
12.4 Hiss et al., 2017 
Supporting information is available at the journal homepage: 
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.13501 
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